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(Astronomical  J o u r n a l )  BY 

SUMMARY 

A g e n e r a l  p a t t e r n  of magnetic f i e l d - c a r r y i n g  s o l a r  wind f low 
p a s t  a comet i s  cons ide red .  Slamming of r a y s  is  e x p l a i n e d  by t h e  
v e l o c i t y  g r a d i e n t  i n  t h e  f l o w  behind  t h e  shock wave. The accele- 
r a t i o n  i s  found,  which i s  imparted t o  plasma i n  t h e  squeez ing  o u t  
process f r o m  t h e  magnet ic  t ubes  of  force ( r a y  model) .  I t s  v a l u e  
i s  i n  acco rd  w i t h  t h e  o b s e r v a t i o n  d a t a .  I t  i s  shown t h a t  a narrow 
r e g i o n  of i n t e n s i f i e d  magnetic f i e l d  appea r s  a t  t h e  i n t e r f a c e  b e t -  
ween t h e  comet and t h e  so l a r  wind, 

* 
* * 

P r e s e n t e d  i n  t h e  works [1,3]  i s  a g e n e r a l  p a t t e r n  of s o l a r  
wind f l o w  p a s t  t h e  comet. I t  i s  cons ide red  t h a t  t h e  magnet ic  f i e l d  
i m p a r t s  t o  comet's and solar  wind plasma a q u a l i t y  of cont in ium,  
and w i t h  t h a t  i t s  ro l e  ends .  Undoubtedly, such a c o n s i d e r a t i o n  may 
be a c c e p t e d  as t h e  f i r s t  approach t o  t h e  r e a l i t y .  U t i l i z i n g  i t s  
r e s u l t s  w e  s h a l l  examine some of magnetohydrodynamic e f f e c t s  i n  t h e  
comets.  

1. General  P a t t e r n  O f  The Flow With Magnetic F i e l d .  
A c o l l i s i o n l e s s  shock wave forming up-stream f r o m  comet's head [l-41 
i s  analogous t o  t h e  wave forming ahead of t h e  magnetosphere.  The 
t r a n s i t i o n  r eg ion  between t h e  wave and t h e  s u r f a c e  bounding t h e  comet's 
plasma w i l l  be  of t h e  same n a t u r e  as t h e  t r a n s i t i o n  r e g i o n  between 
t h e  shock wave and t h e  magnetosphere,  i . e .  t u r b u l e n t  plasma f low 
s t a t i s t i c a l l y  d i r e c t e d  from t h e  Sun, and a t u r b u l e n t  magnet ic  f i e l d ,  
must be  observed i n  it. The way i n t e r a c t i o n  of t h i s  f low w i t h  comet ' s  
plasma t a k e s  p l a c e  cannot  y e t  be  cons ide red  as s u f f i c i e n t l y  clear,  b u t  
t h e  f o l l o w i n g  macroscopic  p a t t e r n ,  be ing  a combinat ion of Alfven '  s 
p o i t  of view [ 5 ] ,  Axford ' s  assumption about  t h e  e x i s t e n c e  of  a shock 
wave [4 ]  and t h e  i d e a  of t h e  sou rce  [l] , i s  q u i t e  a c c e p t a b l e .  

Behind t h e  shock wave, i n  t h e  v e l o c i t y  f i e l d ,  t h e  magnet ic  l i n e s  
of force, w i l l  bend on account  of v e l o c i t y  g r a d i e n t  encompassing t h e  
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comet's ..ead. The na,ure o f  t h e  bend i s  shown i n  F ig .  (l), ana-  
logous t o  F i g .  l f r o m  [ 6 ] .  Apparent ly ,  a component w i l l  g e n e r a t e  
independent  of t h e  o r i g i n a l  f i e l d  d i r ec t ion  p a r a l l e l w i s e  t o  t h e  
v e l o c i t y .  P a r t s  of l i n e s  of f o r c e ,  recumbent i n  t h e  neighbourhood 
of l i n e  O O ' ,  move i n i t i a l l y  only at: t h e  expense of d i f f u s i o n ,  as 
t h e  v e l o c i t y  i n  t h e  p o i n t  A i s  ze ro .  The ends  of  t h e  l i n e s  of 
f o r c e  w i l l  be approaching  t h e  l i n e  0 0 '  as i f  they  w e r e  slamming. 

roughly  speak ing  t o  t h e  a c t i o n  of  two forces: t h e  hydrodynamic 
p r e s s u r e ,  c r e a t i n g  t h e  f low p a t t e r n  i n  t h e  f i r s t  approximation [ 2 ] ,  
and t h e  magnet ic  p r e s s u r e ,  owing t o  which " p a r t i c l e s  cou ld  be squee-  
zed o u t  of  t h e  magnet ic  t u b e s  of force l i k e  a t o o t h  a s t e f r o m  a t u b e  
p r e s s e d  on t h e  s i d e "  [ 7 ] .  This f o r c e  induces  an a d d i t i o n a l  a c c e l e -  
r a t i o n ,  t h e  magnitude o f  which w e  s h a l l  e v a l u a t e  below. Moving 
a long  t h e  l i n e s  of f o r c e  (a long  n e u t r a l  t u b e s ,  acco rd ing  [8]), t h e  
i o n s  " r e v e a l "  so t o  speak t h e  t u r b u l e n t  s t r u c t u r e  of t h e  magnet ic  
f i e l d ,  emerging a f t e r  t h e  passage of t h e  c o l l i s i o n l e s s  shock wave, 
which e x p l a i n s  t h e  s p a t i a l  s t r u c t u r e  of comet ' s  r a d i a l  system. 

The comet's i o n s  o r i g i n a t i n g  i n  t h e  magnet ic  f i e l d ,  are s u b j e c t  

2 .  A c c e l e r a t i o n  O f  C o m e t  P lasma.  The a c c e l e r a t i o n ,  communi- 
cated t o  p a r t i c l e s  d u r i n g  t h e i r  "squeez ing  o u t "  of t h e  magnet ic  
t u b e s  of force, may be  e v a l u a t e d  by t h e  f o l l o w i n g  method. The e q u a t i o n  
of motion of plasma u n i t  volume a long  

n e t i c  p r e s s u r e  g r a d i e n t  w i l l  be  w r i t t e n  
[ 9 1  as: 

, 
/ 

/ 
t h e  f i e l d  l i n e s  i n f l u e n c e d  by t h e  mag- I 

/-- . -+ 
d 17 -+ I€' p - - =  - v--. 
d t  8;t 

0' 
We s h a l l  c o n s i d e r  t h a t  t h e r e  is  a sphe- _. 
s u f f i c i e n t l y  s m a l l  a n g l e  a. The d i s t a n -  I \ --_ 

1 \ "\ ce f r o m  comet ' s  n u c l e u s ,  i n  p r e s e n t  c a s e  , \ \  

r i c a l  symmetry w i t h i n  t h e  range of a 

\ 

t h e  c e n t e r  of  symmetry, w i l l  be  denoted 
by 1. Then t h e  e q u a t i o n  of motion w i l l  
be  w r i t t e n  as fo l lows :  

dv ri dlrl F i g u r e  -1. 
p-=---- 

clt 4n ell. 

From t h e  c o n d i t i o n  of  magnetic f low conse rva t ion  w e  s h a l l  f i n d  
II 

S u b s t i t u t i n g  t h i s  r e l a t i o n  i n t o  t h e  p receed ing  one ,  w e  - c u i  
- - - 2 
dl . I' 

s h a l l  o b t a i n  

(1) I P  = 2np l g ,  

i s  t h e  d i s t a n c e  between comet's nuc leus  an'd a c e r t a i n  dV 

dl Y, I where -- 
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p o i n t  of t h e  t a i l .  
t i c l e s  i n  t h e  t a i l s  % l o 2 ,  which l e a d s  t o  p % 0.5.10'20 g/cm3. 
S u b s t i t u t i n g  t h e s e  v a l u e s  i n t o  formula (11, w e  s h a l l  f i n d  t h e  f o l l o w i n g  
r e l a t i o n  between acceleration and f i e l d  t e n s i o n :  q = 6 . 6 0 1 0 ~  H 2 .  

L e t  u s  estimate t h e  magnitude of t h e  magnet ic  f i e l d  i n  t h e  comet. 
P, i s  t h e  s o l a r  wind p r e s s u r e  a t  t h e  pon t  A ,  it i s  e q u a l  t o  0 . 7 - 1 0 - 8  
fo r  v = 3-107 cm/sec and p = 5 * m ~ ,  where mH i s  t h e  mass o f  t h e  p r o t o n .  

Cons idera ing  t h a t  - - - Po w e  s h a l l  f i n d  H 2  % 9*10'8. S u b s t i t u t i n g  

t h i s  e x p r e s s i o n  i n t o  t h e  equa t ion  f o r  q ,  w e  o b t a i n  q % 60 cm/sec2, 
which a g r e e s  w i t h  t h e  o b s e r v a t i o n s .  

Fo r  l a r g e  comets I W ~ ~ ~ ~ W ~  The d e n s i t y  of p a r -  

II' 1 
8it 2 

3 .  I n t e n s i f i c a t i o n  Of Magnetic F i e l d  A t  Comet-Solar Wind 
I n t e r f a c e .  A t a n g e n t i a l  b reak  occur s  when s o l a r  wind f l o w s  

p a s t  t h e  comet a t  t h e  i n t e r f a c e .  Thus an incompress ib l e  f l u i d  t h e  

s q u a r e  of r a t e  of t h e  v e l o c i t i e s  (:y=s9 where ,ow i s  t h e  d e n s i t y  

of o r i g i n a l  s o u r c e  ( comet ) ,  Pi i s  t h e  d e n s i t y  of s t r e a m l i n e  f l o w  
( s o l a r  wind) [l]. From B e r n u l l i ' s  e q u a t i o n  and t h e  c o n d i t i o n  of 
p r e s s u r e  e q u a l i t y  a t  t h e  i n t e r f a c e ,  w e  s h a l l  o b t a i n  f o r  a compres- 

P.: 

/ vi \t2 pi, ( f r -  1 ) ~ j  

PI (s.f- 1 ) V l S  
9 whence w e  s h a l l  f i n d  t h e  ve lo -  - s i b l e  f l u i d  r e l a t i o n  x: - -- 

c i t y  jump: 

where l'i and Y W  are t h e  i s e n t r o p e  i n d i c a t o r s  r e s p e c t i v e l y  f o r  comet 
and s o l a r  wind media. When pIc>P.h it may b e  seen  from ( 2 )  t h a t  
C'f - vw = Vf. 

I n  t h e  magnet ic  f i e l d ,  which g e n e r a l l y  speaking  i s  n o t  p a r a l l e l  
t o  t h e  i n t e r f a c e  (F ig .1)  t h e  v e l o c i t y  jump creates t h e  fo rma t ion  of 
a '"scissor ' '  t ype  break  1101.  This  b reak  does n o t  m e e t  t h e  c o n d i t i o n s  
imposed on t h e  f i x e d  magnetohydrodynamic b r e a k s ,  and t h e r e f o r e  w i l l  
d i s i n t e g r a t e .  

The i n v e s t i g a t i o n  fo l lowing  below is r e l a t ive  t o  t h e  d i s i n t e g r a -  
t i o n  of a p l a n e  b r e a k ,  b u t  t h e  con-clusions remain v a l i d  a l s o  f o r  t h e  
uneven b reak ,  s i n c e  t h e  same mechanism acts l o c a l l y .  

I n  t h e  incompress ib l e  f l u i d  t h e  " s c i s s o r "  break  d i s i n t e g r a t e s  i n t o  
t w o  Alfv&n b r e a k s ,  moving t o  t h e  l e f t  and r i g h t  from t h e  i n i t i a l  p o s i -  
t i o n ,  and a c o n t a c t  b reak  immobile r e l a t ive  t o  t h e  medium ( F i g . 2 ) .  
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Fig .  2 .  

MN i s  t h e  p l a n e  of 
t h e  i n i t i a l  b reak;  
1) f i e l d  l i n e  a t  t h e  
i n i t i a l  moment of 
t i m e ;  
2 )  f i e l d  l i n e s  f o r  a 
t i m e  i n t e r v a l  t - 

Using t h e  c o n d i t i o n s  for  t h e  magnetohydrody- 
namic breaks  Ell], assuming p = c o n s t  and 
c o n s i d e r i n g  t h a t  i n  c o n t a c t  b reak  t h e  f i e l d  
and t h e  v e l o c i t y  are cont inuous ,  w e  s h a l l  
f i n d  t h a t  t h e  f i e l d  i n  t h e  i n t e r v a l  between . 
t w o  AlfvGn's b reaks  i n c r e a s e s  by a q u a n t i t y  

( In  t h e  chosen system of c o o r d i n a t e s  t h e  
v e l o c i t y  i s  p a r a l l e l  t o  a x i s  x ,  w h i l e  a x i s  41. 
i s  p e r p e n d i c u l a r  t o  t h e  break-plane) .  
c o n d i t i o n  t h a t  ,ow;>pi e q u a l i t y  ( 3 )  i s  s i m p l i -  
f i e d :  AlI,  M ( k t ! , ~ ) ' / ~ u f .  The wid th  of t h e  r e g i o n  
w i t h  a m p l i f i e d  f i e l d  A w i l l  be of t h e  o r d e r  

On 

motion,  approximately e q u a l  t o  -, L where L i s  
2'W 

t h e  d i s t a n c e ,  counted off f r o m  t h e  n u c l e u s  a l o n g  
t h e  t a i l  of t h e  f i r s t  type ,  2., j s  t h e  mean - -  . 

motion v e l o c i t y  of t a i l ' s  matter. The q u a n t i t i e s  pu-, pj,, L ' , ~ ,  G!, II,, e n t e r -  
i n g  i n t o  t h e  e x p r e s s i o n  f o r  X and AIfsr L e t  
u s  es t imate  A i l X  and h accord ing  t o  o r d e r  of magnitude. With t h e  den- 
s i t y  of unber turbed  so la r  wind 5 cm-3 and v e l o c i t y  3 0 1 0 ~  cm/sec i t s  
d e n s i t y  i n  g/cm3 and t h e  velocity a t  t h e  i n t e r f a c e  are i n c l u d e d  w i t h i n  
t h e  l i m i t s  of 0.33.10-23 ,of < 2.5.10-3 ( a t  Yj = 2 ) ; t ' j  < 2.9.10' . Then 

v a r y  along t h e  i n t e r f a c e .  

A i r ,  < 1.9.10-k. 

L e t  u s  estimate t h e  va lue  of A. On t h e  i n t e r f a c e  between t h e  
p o i n t s  A and B t h e  f i e l d  i s  almost  p a r a l l e l  t o  t h e  v e l o c i t y ;  t h e r e f o r e  
w e  s h a l l  c o n s i d e r  t h a t  a t  t h e  p o i n t  B t h e  X i s  n e a r  ze ro .  The p r e s s u r e  
of t h e  area AB d rops  by almost one o r d e r ,  whereas,  i f  w e  c o n s i d e r  
w -- p , ,  t h e  f i e l d  i n t e n s i t y  drops  by almost 3 t i m e s .  The i n c l i n a t i o n  
8z 
of t h e  f i e l d  l i n e  t o  i n t e r f a c e  i s  determined by t h e  i n c l i n a t i o n  of t h e  
r a y s .  I n  t h e  v i c i n i t y  of t h e  p o i n t  B it i s  about  e q u a l  t o  15-20°. 
Thus, f o r  t h e  i n i t i a l  p a r t  of t h e  t a i l  /(lJ M U.35.10-% II VAI = 3 7.19' . For  
t h e  v a l u e  of A ,  we have X $3.7.10-- L. s i n c e  wi th  t h e  i n c r e a s e  of t h e  
d i s t a n c e  L t h e  v e l o c i t y  uXl  dec rease . .  ( W e  assumed Cw z 10'). 

I n  t h e  above-mentioned e s t i m a t e s  w e  proceeded from t h e  assumption 
of medium i n c o m p r e s s i b i l i t y .  The d i s i n t e g r a t i o n  of t h e  "scissor" b reak  
i n  t h e  compress ib le  medium was i n v e s t i g a t e d  i n  [lo], where it i s  
assumed t h a t  t h e  d e n s i t y  of t h e  two media,  s l i d i n g  a g a i n s t  one a n o t h e r ,  
are e q u a l ,  w h i l e  t h e  d e n s i t y  'of t h e  magnet ic  f i e l d  h a s  a normal com-  
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ponent  on ly  t o  t h e  p l a n e  of t h e  b reak .  Such a break  i s  c a l l e d  
sy i rmet r ica l  and i n  o r d e r  t o  appiy t h e  r e s u l t s  of [lo] t o  t h e  c a s e  
of so la r  wind f l o w  p a s t  t h e  comet, it i s  impera t ive  t o  make t h e  
fo l lowing  t w o  s u g g e s t i o n s :  1) t h e  i n f l u e n c e  of t h e  magnet ic  f i e l d ' s  
t a n g e n t i a l  component t o  t h e  s u r f a c e  i s  i n s i g n i f i c a n t  and t h e r e f o r e  
may be n e g l e c t e d :  2 )  t h e  a s y m m e t r i c a l  b reak  i n  a compress ib le  
f l u i d  i s  reduced t o  a symmetrical one,  j u s t  as i n  t h e  incompress ib l e ,  
by means of a s u b s t i t u t i o n :  

H e r e  i s  t h e  v e l o c i t y  wi th  which t h e  medium ptC must move 
r e l a t ive  t o  a medium w i t h  t h e  s a m e  d e n s i t y ,  so t h a t ' t h e  p e r t u r b a t i o n s  
i n  t h e  medium pV) c o i n c i d e  w i t h  t h e  p rev ious  ones.  On t h e  ave rage  t h e  

r a t io  of  i s  1.5*103, Vf - v w  Uf then  u x =  N -  

20 20' 

According t o  [lo], two waves w i l l  move from t h e  p o s i t i o n  of t h e  
i n i t i a l  b r e a k ,  on bo th  s i d e s :  a gas-dynamic shock wave and an o r d i -  
na ry  r a r e f i e d  wave. The computation of flow i s  made n u m e r i c a l l y ,  and 
t h e  connec t ion  of t h e  parameters  behind  t h e  waves wi th  t h e  pa rame te r s  
of t h e  i n i t i a l  s t a t e  i s  g iven  i n  t h e  form of graphs .  W e  s h a l l  d e t e r -  
mine on t h e  b a s i s  of [lo] t h e  p e r t u r b e d  area 's  v e l o c i t y  expans ion  and 
t h e  a c c r e t i o n  o f  t h e  magnet ic  f i e l d  f o r  a c e r t a i n  middle  p o i n t  of  t h e  
i n t e r f a c e  ( p o i n t  B) . 

The expans ion  v e l o c i t y  of t h e  p e r t u r b e d  a r e a  i s  :~-.~[.k&--- 
a2 y ( l  2 -  Y ) s o Y l  (2) 

y - - l  1 
Her- a2 = -- 

sound v e l o c i t y  t o  t h e  squa re  of Alfv6n v e l o c i t y .  S ince  - z y  f o r  

t h e  p o i n t  B Sn i s  approximately e q u a l  t o  t h e  u n i t y .  Y i s  t h e  r a t i o  
o f  p r e s s u r e  behind t h e  shock wave t o  t h e  p r e s s u r e  i n  t h e ' u n p e r t u r b e d  
medium, For  a g iven  sI, t h i s  q u a n t i t y  depends on t h e  r a t i o  of v e l o c i t y  
jump a t  t h e  break  t o  t h e  sound v e l o c i t y  ( i n  o u r  c a s e  it i s  n e c e s s a r y  
t o  t a k e  t h e  r a t i o  2'2. t o  t h e  sound v e l o c i t y ) .  L e t  u s  e s t i m a t e  t h e  
sound v e l o c i t y  of t h e  p o i n t  B ,  t a k i n g  i n t o  account  t h a t  t h e  p r e s s u r e  
between A and B drops  approximately by one  o r d e r  and c o n s i d e r i n g  t h e  
f l o w  as i s e n t r o p i c .  When t h e  p r e s s u r e  a t  t h e  p o i n t  A i s  0 . 7 * 1 0 - * ,  
and t h e  d e n s i t y  i s  0 . 4 5 - 1 0 - 1 9 ,  w e  s h a l l  f i n d  f o r  t h e  sound v e l o c i t y  
a t  t h e  p o i n t  B c = 3 . 5 0 1 0 ~  cm/sec. W e  s h a l l  f i n d  v e l o c i t y  uf a t  t h e  
p o i n t  B from t h e  B e r n u l l i  equa t ion  and t h e  c o n d i t i o n  t h a t  t h e  p r e s s u r e  
between t h e  p o i n t s  of A and B drops  approximate ly  1 0  t i m e s .  U I  2 . j . 4 O i ,  

whence u , w  1.7.106. The r a t i o  - = 5 ,  and from [lo] it fo l lows ,  t h a t  

a t  y = l . 4 ;  sg=--=4;1-- yp i s  t h e  r a t i o  of t h e  s q u a r e  of 
y f 1 - T  .A2 l I 2  

H2 
Sit 

UT 

C Y Z 7 ,  whence M z 2.5 UA. 



. 

b 

AIlx 
According t o  [ l o ] ,  - i f i  t he  p e r t q r b e d  area a t  t h e  i n d i c a t e d  H ,  

parameters, i s  approximate ly  e q u a l  t o  3. 

Thus, w e  may see t h a t  t h e  t w o  above-mentioned methods o b t a i n e d  
by d i f f e r e n t  ways, are c o i n c i d i n g  and it i s  p o s s i b l e  t o  arr ive a t  
t h e  fo l lowing  conclus ion:  t h e r e  e x i s t s  a t  t h e  i n t e r f a c e  "comet- 
solar  wind" a narrow area o f  i n c r e a s e d  magnet ic  f i e l d .  

Tadzhiksk S t a t e  U n i v e r s i t y  Manuscr ip t  r e c e i v e d  on 
November 19, 1966. 
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